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(54) Titie: MULTILAYER PHOTOVOLTAIC OR PHOTOCONDUCTIVE DEVICES 



(57) Abstract 

The invention concerns opti- 
cally absorptive photonic devices and 
in particular photovoltaic and pho- 
tsoconductive devices. It is particu- 
larly concerned with devices formed 
from multiple semiconducting lay- 
ei5, e.g. organic semiconducting 
polymers. Such a device has two 
central semiconductive layers which 
have been laminated together so as 
to form a mixed layer between the 
first and second semiconductive lay- 
ers, while retaining at least some of 
the first and second semiconductive 
layers on either side of the mixed 
layer. 
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♦"^^ T nvention 

Pi^lri of ^^'=' TTivf^ntion 

The present invention relates to optically absorptive photonic 
advices and in particular photovoltaic and P'-"-"^-"- 
^vices «>d their formation. E.*odl^nts ot the 
tTticularly to devices formed tro. multiple semrconduct^g 
PreLably co^aed of organic semiconducting polymers. 

semlccnductive photovoltaic devices are based on the 
Of electron-hole pairs formed following the ^-■^"'" jf / 
photon. An electric field is g«»r.lly used for the separatron^ 
Se electric field may arise from a SchottHy contact where a 
Sit-in potential exists at a metal -semiconductor interface or 
^ a p^ junction between p-type and n-type semiconductxve 
trials. such devices are commonly made from inorg». c 
semiconductors especially silicon which xs used - 
monocrystalline, polycrystalline or amorphous forms. SUiCOn i. 
normally chosen because of Its high conversion -'""/^^"^/^ 
the large Industrial investments which have already been made rn 
Silicon technology. Bowever, silicon technology has associated 
high costs and complex manufacturing process steps resulting in 
devices Which are expensive In relation to the power they 
produce . 

-Two-layer organic photovoltaic cell", Applied Physics Letters 
48(2), 13th January 1986, C.W. Tang, US 4,164,431 and US 
4,281,053 describe multi-layer organic photovoltaxc elements 
These devices are formed in a layer by layer fashion. A first 
organic semiconductive layer is deposited on an electrode, a 
second organic semiconductive layer is deposited on the fxrst 
organic layer and an electrode is deposited on the second organic 
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The first and second organic semiconductive layers are 
layer. The first an ^^^eptors. In the following, an 

electron acceptors ^^^^^^^^^^^^^ , ^,,,,.1 ..ich due to 

-electron accepting material rete material is 

a higher electron ^^^^^^cZ^rL ^^^^^^^ ^ 
capable of accepting an e^--^ ^^^^^ , smaller . 

accepting material" is a materia „ ^tle of 

ionisation potential compared to ^^^^^J^'^'^^^ ^^J,,,, 
accepting holes from that other ^'lllll;^J''l^^,,T in the 
U,ht in organic photoconductive ^^^^ ^ 

creation of bound -1-^^^°^-^°'% .^^'^'^'/.^^.e place. The 

^ w rharae collection can tajce p-l<*^« 

dissociated betore ■'l^'^f^ ^,^,3 different 

material considerations for organic 

compared to inorganic ^^f^ J^^ j::;^^^, .ound. The 
created by the absorption of a photon are o y 

dissociation of the bound " ,3 a hole 

the interface between the layer °\^'^'^^''^^^^Zcl act. as 

J laver of semiconductive material wnicn «* 
acceptor and the layer of s ^^^^^^ ^^^^^^ 

an electron acceptor. The holes collected at the 

their respective acceptor materials to be collected 

electrodes . 

The designing of photovoltaic devices which are ^^^^^^^l^J^ ^ 
layer by layer fashion is limited, when one organic layer is 
layer oy ^VlP^ «3econd layer must 

deposited on top of.another organic layer the =«=°-' J 
be added in such a way that the previously deposited layer is not 
Sf^^ m a detrin^ntal way. conse^ently solvit, used for 
fulseg:! layers are limited in order - " ^"^^'^ 
previous layer completely or destroy it in other ways. 

■Efficient photodiodes fr» interpenetrating ^^^^^ ''^'^'^^"^^ 
Hatur. vol 376, 10th August 1995, page 498-500, J.J.M. Halls et 
TC ^Z 5,.;o,791 describe the formation of a P-ovo Itai 
device by depositing a single layer comprising a blend of first 
^seco^ sLconductive polymers and the ^^^^^^"lH;^^^ 

^ v>,=>^ i;,vpr The first semiconductive polymer 
oi«»etrode on top of that layer, ine j.j.i!»<- 

a ts afa electron acceptor and the second -i^f-^I^^^/^ 
acts as a hole acceptor. The first and second semiconductive 
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polyn^rs fox. respective continuous networks that ^""^"--^^ 
L that there is a ccntinuou. path 

„.iconauctive poly^ra and a charge """"^ ""/J^^ 

first ana second semiconductive polymers can travel between the 
first and second electrodes without having to cross into the 
other semiconductive polyroer. However, these devices do not show 
M high efficiency that would he expected ^^^^^^jTt 
as ideally envisaged. This »y be due to ^'^ 
likely that at least one of the poly.»rs can e:ctend """"^^ 
ihole device, thereby creating a parallel system of single 
material diodes. 

giiTntnarv Tnvpntion 

It is an object of the present invention to provide an improved 
photovoltaic device. 

According to a first aspect of the invention there is provided 
a lethod of forcing a photovoltaic or photoconductxng dev.ce 
courting the laminating together of a first -pone- having 
a ^rst electrode and a first semiconductive layer predonvxnantly 
comprising a first semiconductive material, and 
cZnent having a second electrode and a second 3em.c0nduct.ve 
layer predominantly comprising a second semiconductxve material 
Wherein the laminating step involves the ^o-^^f'^^'^'^^J^^ 
said first semiconductive layer and said second semxconductxve 
layer to form a mixed layer comprising proportionally less of 
said first semiconductive material than said first semiconductxve 
layer and proportionally less of said second semiconductxve 
material than said second semiconductive layer while -taxnxng 
said first and second semiconductive layers with a reduced 
thickness . 

According to another aspect of the invention there is provided 
a method of designing and creating a photovoltaic or 
photoconducting device comprising the steps of: choosing first 
and second semiconductive materials on the basis of their 



PCT/GB99/00349 

W099f/49525 

4 

vv,a^ caid first semiconductive material 
electronic propcrt.e. so '^t ,,„i,o^uctlv. material 

acts as an electron donor and sa.d seco^s ^^^^ 

- - - rt":L:::ra:d r^:^ — .ti. .ver 
:x:::t:;x::L, said «rst — -:r::ri 

,.„i a — t:;d. -d second 

rlrtr^^^air ani .ini. ^^^^^^ 
second component la^nat^n. sa. f.r« s. 

to said second =--;"^"="jj7J, ji„, eemiconductive layer 
involve the controlled :o.n.ng OE s^dfi ^ 

and said second "sair f irst seeiconductive 

T^rLn^r « sUcondnctive layer and proportionally 
r o£ saTd secoA aeaiccnductiv. layer while retaining sa.d 
less of saia secouu o a -reduced thickness, 

first and second semiconductive layers wxth a reduced 

non«rise the application of pressure or heat or 

Laminat.ng ^^^^^^^^^Jf involve heating one 

pressure and heat « ^J^J; .^^^i,, glass transition 

or both of the semxconductxve layers individually 

temperatures. The ^^^^^^^^^^^.^i:":^ organic or inorganic 
treated before -^^^^^^^^Z^tl morphology, the light- 
doping, such treatment may properties or the 
absorption character.st.es ...ers. The 

injection ^^^^^^J, takers before lamination may be 

thickness of the semxconductxve layers 

controlled, for ^^^^^^^^^^ t::t:Less of the mixed 

semiconductxve materxal. ^^^^^^ ^^^^^^ semiconductive 

laver and/or the thickness of the f xrst ana sec 
lI^L refining »ay be controlled, £or e=canple by anneaUng. 

^ ^.cording to a further aspect ot the invention there U provided 
. .s>,„to,«>lt.ic or photoconducting device comprising, a first 
a photovoltaic or p predominantly comprising 

electrode; a first semiconductive layer, pi 

a first semiconductive material, over at least part of said first 
a first semi ^^^^^ eemiconductive layer, 

rr:d"sem\c:r:ti" layer, predominantly c^rieing a second 
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. . ™.terial over said mixed layer; and a second 

semiconductive raateriai , over s<x «^„^«.4„e laver 

^ ^»=o^ r^art of said second semiconductive layer, 

electrode over at least pare ot sdxu = 

:herern .aid ™i«a layer Is connected with the first and se ond 
feliconductive layers and has propcrticnally 

.e.iconductive material than said ''^"'^^I'^^ZT 
propcrticnally less o£ said second semiconductive n«terial tha 

said second semiconductive layer. 



first substrate may carry or comprise said first -^"'"fj^f 
a second substrate may carry or cc^rlse said second electrode. 
ThlTrst and second substrates are preferably self-supporting. 

According to a still further aspect of the invention there is 
:;vid,d% Photovoltaic or ting de^ce co„^^ 

a first substrate carrying or comprising a first eie 
carding a first semiconductive layer predominantly comprising 
aTrst'semiconductive material, a second substrate carryi or 
con^rising a second electrode and carrying a second 
semiconductive layer predominantly -"^"^^^^ J/^;:" 
semiconductive material; and a third mixed layer arranged 
semicona second semiconductive 

between and connected with the first ana se 

layers and having proportionally less of said first 
semiconductive material than said first -^i^!^--- ^^^^^V;^ 
proportionally less of said second semiconductive material than 
said second semiconductive layer. 

According to any one of the different aspects of ^^^^^^^f^^^ 
the mixed layer may be an interpenetrating -^-^7^^^^^^/;;^,'^ 
and second semiconductive materials. The first, and likewise the 
second, semiconductive materials may comprise a ° 
component materials or a single component material. The first 
anTsecond substrates and the first and second components may be 
self-supporting. The semiconductive materials may have the 
properties as defined in any one of the claims 20 to 36 The 
first and second semiconductive layers may have the properties, 
before and after lamination, as defined by claims 38 to 4-3. The 
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first electrode may make physical contact with the first 

. ^ ^ laver or one of a plurality of layers may be 
semiconductive layer, or one t- f^v-at 

interposed between the first electrode and the first 
ellductive layer. Likewise the second electrode 
physical contact with the second semiconductive layer or one o£ 
a plurality o£ layer. ««y be interposed between the second 
electrode Id the second semiconductive layer. The electrodes ^y 
the sa»e or different wor. functions. An electrode ^y 
Itself form one of the self-supporting substrates, or the 
itseii . J i„ carried by one of the self 

•lectrode may be comprised in or carriea uy 
sip^Irting substrates. Preferably one or both of the substrates 
trSsmit !ight. furthermore, one or both of the substrates (and 
components) may be flexible. 

^nation techni<^es are well established, allowing devices to 
be »ade in a straightforward way, on a large scale, and at 
costs . 

The present invention provides for the treatment of the first 
semiconductive layer and/or second semiconductive layer before 
effecting lamination. This treatment was not possible in the 
prior art. 

A device made according to the present invention is believed to 
help avoid the creation of a parallel system of diodes and gives 
improved performance over the device described in the previously 
referred to disclosure by Halls et al. The first and second 
semiconductive layers ensure that a single material does not 
extend from the first electrode to the second electrode. 

A device made according to the present invention has a high 
efficiency to cost ratio. 

Devices made according to the present invention have a high 
efficiency compared to the previously reported polymer blend 
device . 
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A-r,rr i-o fche invention make it possible to 
Devices made according to the xnven conductive 
minimise the risk of fortnxng pm holes or J^^^ot 
paths from one electrode to the other. Thxs .s partxcularly 
advantageous in the production of large area devxces. 

^ the device is not created in a layer by layer ^^f^^^^ 
Choice of suitable materials is increased as the effects o 
creating the second semiconductive layer over the fxrst 
creating t:. fashion are less 

semiconductive layer m a layer by lay ^ ^he 

critical- This affords greater flexibility xn tailoring the 
aevice to absorb in specific wavelength regions and a lows for 
a more efficient use of the spectrum when used as a solar cell^ 
It also allows other properties of the device to be controlled 
or improved, such as its conductivity and serial resxstance. 

For a better understanding of the present invention and to 

understand how the same may be put into effect. 

now be made by way of example only to the enclosed drawings. 

R^-ipf Der ^>-ipt-i"ri of rhe Drawings 

Figure 1 is the chemical structure of the organic polymer 

POPT • 

'Figure 2 is the chemical structure of the organic polymer 

MCP • 

' Figure .3 is the chemical structure of the organic polymer 
P3HT * 

'Figures 4a, 4b and 4c exemplify the method of the invention; 
Figure 5 is an exemplary structure of a device according to 

the invention; and ..^ki^ 
Figure 6 is a diagram showing apparatus which is suitable 
for performing the method of the invention according to certain 
embodiments . 

r^^«^^■i p♦^SoTl of the P^Afprred Rmbodiment 

Figures 4a, 4b. 4c and Figure 5 illustrate the manufacture of a 
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p...ovol.a.. o. pHo«=on.ucein, device "whLrL: 
Urs. co^nent part 8 ana a eeco,^ ^'^'^IX The first 

rris'turartTirra - a .ir.t 

:l„nLti,e iaver ^ second — 

'rrtio a e ect^ae " ana a secona s..ic»nauctive 

Cr i o'n la::nation, a .i=cea Xaver « containing ^ter., 
) L first ana second .emiconauctive layers xs formed at the 
from the rxrsi: anti »o second 
interface of the first sendconductive layer 6 and 
„mi=onauctive layer 14 as illustrated xn Fxgure 5. 

Xhe material of the first ^^^^^J^ /eJ^duVti:: 
r"^"rr:™le:crin this .tenal 
SlLrion^ Se.icond.ctin. polymers .hich can a. .electron 
acceptors are e.9. polV»ers, -'"-"'f °';^:^^rrfullerene 

relonrin/polymers «hich ^ ^ ^1 rept^t: 
irreirr^irroar^nTtLir aeri.ti.es. . 

::::rv:rs containm. u^ts Of - 

poly (isothianaphthene) . 

other suitable semicondnctive rTaph^ntnl:! 
polymers; phthalocyanxnes , perylenes l-^^^^^^.^ and 

trainee, .erocyanines and their respect.v ^^^^^^^^^ 
azo-dyes consisting of azo chromofore (-N-N ) IxnKi g 
groups . 

other suitable semiconductive materials incluae Pe-^"^^- 
poly(squaraines) ana organic molecules. ^»^^" 
LJcorauctlve organic molecules include dyes ana prgments. 
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„«, Aco nc 4 164 431. US 5,201,961, and US 
described in US 4,281,053, US 4,164,4Ji, 

5,350,459. 

The semconduotlv, layers niay be formed from a blend of 
liconducive materials including blends of polymers w.th 
polymers and blends of polymers with molecules. 

The first substrate 2 and first electrode , -^'^ "J"^^ 
electrode 12 and the second substrate 10 are transparent to allow 
light to reach the mixed layer. On illumination the devrce rs 
capable of supplying either electric peer or - under appUed 
bias voltage - a light dependent current. 

Generally the electrodes have different work functions in order 
^ilLe an electric field across the device. However, when the 
dtvice is used under reverse bias (externally appUed voltageK 
the electrodes may have the same work function -d be -de^of the 
same material. Examples of high work function materials are. Au, 
:r=t Ki, c, doped polylaniline,. doped Polytethylene 

dt^xythiophene) and other poly(thiophene) derivatives doped 
^l^Pyrrole). indium tin oxide, fluorinated tin oxide, tin oxide 
end zinc oxide. Examples of low work function materials are Li 
tn, Al, Ca. Mg, Sm, lb, Vb, Zr, and alloys of these^ If a met 
electrode is used, the metal itself can form both 
supporting substrate «.d the electrode, an example o£ this 
aluminiuni foil. 

in the final device 20, the first and second semiconductive 
layers 6 and 14 are thick enough to prevent the mxed layer 28 
being in direct contact with the electrodes but should otherwise 
be as thin as possible. 

Although in the Figures 4a,, 4b, 4c and 5 the first 
setaiconductive layer S has been shown in physical ^ ^^^^^ 

the first electrode 4 and the second semiconductive layer 14 has 
been shown in physical contact with the second electrode 12 such 
physical contact is not necessary for the operation of the 
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devic. one or n»re i-te-edlate layers may 11. between the 
first electrode 4 and first semloonductlve layer 6. Likew.se, 
or .ore intercalate layers .ay lie between the second 
electrode 12 and the second aemiconductive layer 14. These 
inteldiate layers .ay be a layer of doped ylene 
dioxythiophene, . or poly(aniline, or a doped ->^;3>-^^^;- 
These layers are particularly useful on top of an 
oxide electrode where they protect the semconducting layer from 
Lgen and other in^urlties emerging from the indium txn oxide, 
^r examples of intermediate layer materials are pollers 
incorporating triphenylene units which enhance hole — 
tris(8-quinolinato) aluminium (111) complexes (Mcfa) which 
enhances electron transport. 



T^rnhndiment 1 

A first method of forming the device 20 will be explained with 
reference to Figure 4a. A glass substrate 2 is -vered w.t, 
indium tin-oxide, ITO. to form the first electrode 4 The ITO 
surface is cleaned using acetone and methanol. An organic 
polymer solution is prepared by dissolving 10 milligrams of 
regioregular POPT (poly (3- (4-octylphenyl) thiophene) ) , the 
chemical structure of which is illustrated in Figure 1 xn 2 
Mllilitres of chloroform. The solution is filtered wxth 0.45 
micrometre filters and then spincoated onto the ITO surface to 
give a thickness of between 40 and 150 nm. The polymer covered 
substrate is then heated from room temperature to 230''C at a rate 
of 4°C per minute and maintained at 230''C for 30 minutes Thxs 
heating occurs in a vacuum chamber with a gas pressure of below 
10- torr and induces a phase transition in the POPT which sh.f ts 
its absorption to longer wavelengths. 

Referring to Figure 4b, the formation of a second component part 
16 will be described. The second electrode 12 is formed on the 
second substrate 10 by thermally evaporating aluminium onto a 
glass substrate. The second semiconductive layer 14 is formed 
over the aluminium electrode 12 by spincoating an organic polymer 
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solution onto the aluminium coated substrate. The solution xs 
formed by dissolving lOmg of MCP (poly (2, 5-bis (nitrilemethyl) -1- 
methDxy-4- (2' -ethyl-hexyloxy)benzene-co-2,5-dialdehyde-l-methoxy- 
4- (2' -ethylhexyloxy)benzene) ) . the structure of which is 
illustrated in Figure 2, in 2 millilitres of chloroform and 
filtering the solution using 0.45 micrometre filters. The 
formation of the aluminium electrode 12 and the MCP 
semiconductive layer 14 is carried out in an inert gas atmosphere 
to avoid oxidation of the aluminium contacts. 

After the individual manufacture of the first component part 8 
and the second component part 16 they are laminated together to 
form the device 20 as indicated diagrammatically in Figure 4c by 
the arrows A. The first component part 8, while at its elevated 
temperature, is aligned with the second component part so that 
the POPT semiconductive layer 6 and the MCP semiconductive layer 
14 are opposed. The semiconductive layers are brought into 
contact and a pressure of approximately 30 kPa is applied for two 
to four minutes to laminate the component parts together. During 
lamination the POPT semiconductive layer 6 is at a temperature 
of approximately 230«>C which is above the glass transition 
teinperature of POPT. 

The thickness of the POPT layer 6 and the MCP layer 14, before 
lamination, can be controlled by varying the rotational speed at 
which the spincoating occurs. The film thickness when 
spincoating a solution is also determined by the solution's 
concentration, the temperature and the solvent used. 

Figure 5 illustrates the structure resulting from the lamination 
process. The POPT homolayer 6 and the MCP homolayer 14 interact 
to form the mixed layer 28. This layer comprises a mixture of 
POPT derived from the POPT layer 6 and MCP derived from the MCP 
layer 14 . The first semiconductive layer 6 formed from POPT acts 
as a hole acceptor and the second semiconductive layer formed 
from MCP acts as an electron acceptor. 
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The first samlconductlv. layer 6 can alternatively be forced from 
P3HT (regioregular poXyO-hexylthiophene) ) ,, the structural 
Of whifh i. iUu.trated in fi^re 3. ^' f^^^^^^ 
this polymer is dissolved in 2 ™illilitres of chloroform and 
than filtered using 0.45 micrometre filters to create a polymer 
Tuti:! "his soLion is spincoated over the ITO electrode^. 
P3m does not show the phase transition that .s found xn POPT^ 
^«ver, the first con^nent part S is heated above .ts glass 
Transition temperature to approximately «>d 
the second component part 16 in the manner previously described^ 
in the resulting device 20, the mi«d layer 28 xs a m.«ure of 
P3HT and MCP. 

« another alternative to the use of «CP, a 
poly(phenylene vinylene) derivative without the methyl- 
«hylLyl=>=y .roup could be used as electron --P""^ ^^"'^ 
in the second semiconductive layer 14 wxth either a 

poly.thiophene, derivative or a P°^V*J->'^-= 

. v,^io acceDtina material m the £irsc 

derivative as hole accepting 

semiconductive layer 6, 



in the second enO^odiment the first semiconductive layer 6 and the 
second semiconductive layer 14 are formed by a different method^ 
Referring to Figure 4a, the first semiconductxve ^ayer^ - a 
polymer blend formed by dissolving 19 milligrams of POPT and 1 
milligram of MCP in 4 millilitres of chloroform, filterxng the 
solution using 0.45 micrometre filters, and spxncoatxng the 
filtered solution on top of the indium tin oxide electrode 4 
The second semiconductive layer 14 of the second component part 
IS is also a polymer blend. This polymer blend is formed by 
dissolving 1 milligram of POPT and 19 milligrams of MCP xn 4 
millilitres of chloroform and filtering the solution usxng 0.45 
micrometre filters. The polymer blend is then spincoated onto 
the aluminium electrode 12. The method is then the same as 
previously described. The first component part 8 is heated and 
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the two component parts are la^nated together to for. the 

complete device 20. 

MCP to POPT increases, however, good results are 
with a ratio of 80% POPT to 20 MCP by weight. 

.i.ewise, in relation to the second 

p.edo.inates and the preferred ^^^^^^^^^^^^ ^a Lved with 
by weight but it may also vary and good results are 
a ratio of 80% MCP to 20% POPT by weight. 

ngure S illustrates the structure resulting ^f/;^^:^ 
prTcess. The .irst hlen.ea ----"^to^r: t . .^^^^^ 

r"rr;rc::rr a"rtr aerive. .ro„ the .rst 

2S. This i«y= r i,«ar 14 The mixed layer 

blended layer 6 and the second blended layer 14^ 

oa has a smaller %POPT than the first blended layer ana 

28 has a smai v,,™^,^ l.ver 14. ^''"^^ * 

smaller »MCP than the second blended layer i» 

hole acceptor and MCP acts as electron acceptor. 

as an alternative to the use of POPT and «CP, POPT and MCP may 
Z Zt^^^ry replaced by a poly,thiophene, derivative and a 
cyano-substituted poly (phenylene vinylene) derivative. 

According to the described methods, the separate first and second 
^elcondLive layers can be individually treated before 
lamination. Such treat^nt may involve the "^^/^ 
phase transition in a s«.iconductive polymer to "-^ 
absorption characteristics, the ordering of ^^^ -^'^^^'^^ 
t^Ze its transport properties or the doping of -""^^^ 
Zarate annealing of the two components 8 and 16 before their 
agination together allows traces of ^^^^^^ 

to be removed. Selective doping (with molecular, polyneric or 
inorganic dopants, of each layer can represent a very powerful 
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means to decrease the serial resistance and/or create or enhance 
internal electric fields. The bandgap of the semiconductor 
layers may be decreased or even removed depending on the degree 
of doping. Possible dedoping (neutralisation) at the interface 
after the lamination of both substrates may lead to the 
(re) creation or change of a bandgap and/or transport properties 
which could enhance the efficiency of such a device. This has 
partly been discussed in Synthetic Metals 84 (1997) 477-482, 
Yoshino et al. With the present invention the donor and the 
acceptor material - and any underlying layers can be separately 
doped and optimised. 

The mixed layer is formed by the diffusion of the first 
semiconductive layer into the second semi conductive layer, 
accordingly, the device 2 may be annealed after lamination xn 
order to control the phase separation and the thickness of the 
mixed layer 16. This provides for an increase of the interfacxal 
area in the finished device. The increase of interfacial area 
in the finished device between the material of the first 
semiconductive layer 6 and the material of the second 
semiconductive layer 14 can be significantly enhanced compared 
to a device produced by the deposition of layer upon layer. 

in the preceding described methods solutions for coating the 
first and second semiconductive layers were made with a polymer 
to solvent ratio of 5 milligrams to 1 millilitre. However, this 
range is dependent upon the solubility of the polymer in the 
solution and can range from 0.1 milligrams per millilitre to 75 
milligrams per millilitre. depending on the type of polymer used. 

AS an alternative to what has previously been described, the 
first substrate 2 and the second substrate 10 are formed from 
flexible plastics material. The first substrate 2 is heat 
stabilised polyester (PET) which is available commercially ready 
coated with ITO. The first electrode may alternatively be formed 
on the polyester substrate 2 by depositing indium tin oxide or 
forming a conductive polymer. To form a conductive polymer, a 
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solution of poly (ethylene dioxythiophene ) /polystyrene sulfonic 
acid is spin coated over the polyester substrate 2. A suitable 
solution is conanercially available from Bayer AG, Germany. The 
electrically conducting polymer film makes a transparent 
electrode onto which the first semi conductive layer may be spin 
coated. The first semiconductive layer 6 is then formed over the 
electrode 4 as previously described in relation to Figure 4. The 
second substrate 10 is also a heat stabilised polyester fxlm. 
The second electrode 12 is formed by thermally evaporating a thin 
layer of aluminium onto the polyester film and the second 
semiconductive layer 14 is formed as previously described. 

Figure 6 illustrates an apparatus suitable for carrying out 
lamination of the first semiconductive layer to the second 
semiconductive layer. The first component part 8 can be supplied 
as a self-supporting film 2 carrying a first indium tin oxide 
electrode -4 and a first semiconductive layer 6 from a roll of 
film 22. The second component part 16 can be supplied as a self- 
supporting film 10 carrying a second aluminium electrode 12 and 
a second semiconductive layer 14 from a roll of film 24. The two 
self-supporting, coated films 8 and 16 are supplied to a pair of 
heated rollers 26 which laminate the films together to produce 
a continuous laminated multi-layer structure as illustrated m 
Figure 5 . 

Alternatively, one or both of the flexible substrates 2 and 10 
can be supplied from a roll. A substrate coming off the roll is 
continuously coated to form a component part. This may require 
the continuous sequential deposition of a layer to form an 
electrode followed by a semiconductive layer or, if the substrate 
already has an electrode, the continuous deposition of a 
semiconductive layer. One or- both of the component parts can 
thus be continuously supplied to a pair of heated rollers 26 
which laminate the component parts together to produce a 
continuous laminated multilayer structure as illustrated in 
Figure 5. 
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The flexible substrates 2 and 10 may be formed from heat 
stabilised poly(ethylene terephthalate) , poly (imide) . ^-^y^-^^ 
imide), poly (ethylene naphthalate) , poly (carbonate) , thxn 
flexible sheets of glass and metal foil. 

Although only a spin coating technique has been described for 
applying the first and second semiconductive layers onto the 
first and second components respectively it should be appreciated 
that different techniques can be used for example: spray coatxng. 
dip coating, roll coating, bead coating, meniscus coatxng 
Langmuir-Blodgett techniques, screen printing and self-assembly 
techniques . 



wo 99/49525 



17 



PCT/GB99/00349 



CLAIMS 
1. 



. A method of forming a photovoltaic or photoconducting device 
con5,rising the laminating together of a first component havxng 
a first electrode and a first semiconductive layer predominantly 
comprising a first semiconductive material, and a second 
component having a second electrode and a second semiconductive 
layer predominantly comprising a second semiconductive material 
wherein the laminating step involves the controlled joining of 
said first semiconductive layer and said second semiconductive 
layer to form a mixed layer comprising proportionally less of 
said first semiconductive material than said first semiconductive 
layer and proportionally less of said second semiconductive 
material than said second semiconductive layer while retaining 
said first and second semiconductive layers with a reduced 
thickness . 

2. A method of designing and creating a photovoltaic or 
photoconducting device comprising the steps of: 

choosing first and second semiconductive materials on the 
basis of their electronic properties so that said first 
semiconductive material acts as an electron donor and said second 
semiconductive material acts as an electron acceptor; 

forming a first component comprising a first electrode and 
a first semiconductive layer predominantly comprising said first 
semiconductive material; 

forming a second component comprising a second electrode and 
a second semiconductive layer predominantly comprising said 
second semiconductive material; and 

joining the first component to the second component by 
laminating said first semiconductive layer to said second 
semiconductive layer. 

3 A method as claimed in claim 2, wherein the laminating step 
involves the controlled joining of said first semiconductive 
layer and said second semiconductive layer to form a mixed layer 
comprising proportionally less of said first semiconductive 
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material than said first semiconductive layer and proportionally 
less of said second semiconductive material than said secon 
semiconductive layer. 

4 A method as claimed in any preceding claim, wherein the 
laminating step comprises the application of pressure and/or 
heat . 

5 A method according to claim 4, wherein said application of 
heat comprises heating at least one of said first and second 
semiconductive layers above their glass transition temperature. 

6 A method as claimed in any preceding claim, wherein the 
laminating step further comprises annealing to form a mixed layer 
of desired thickness. 

7 A method as claimed in any preceding claim, further 
comprising the treatment of at least one of said first or second 
semiconductive layers before lamination by organic or inorganic 
doping. 

8. A method according to any preceding claim, further 
comprising, before said lamination step, the treatment of at 
least one of said first or second semiconductive layers to vary 
their light-absorption characteristics and/or transport and 
injection properties. 

9. A method as claimed in any preceding claim, wherein the 
thickness of said first semiconductive layer before lamination 
and the thickness of said second semiconductive layer before 
lamination are controlled. 

10. A method as claimed in any preceding claim, wherein said 
first component is self-supporting and comprises first 
semiconductive material over a self-supporting substrate carrying 
or comprising a first electrode. 
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11. A method as claimed in any preceding claim, wherein said 
second component is self-supporting and comprises second 
semiconductive material over a self-supporting substrate carrying 
or comprising a first electrode. 

12. A method as claimed in any preceding claim, wherein at least 
one of the components is flexible and stored as a roll and 
supplied therefrom for lamination with the other self-supporting 
sxibstrate . 

13. A photovoltaic or photoconducting device comprising: 
a first electrode; 

a first semiconductive layer, predominantly comprising a 
first semiconductive material, over at least part of said first 
electrode; 

a mixed layer over said first semiconductive layer; 

a second semiconductive layer, predominantly comprising a 
second semiconductive material, over said mixed layer; and 

a second electrode over at least part of said second 
semiconductive layer, 

wherein said mixed layer is connected with the first and 
second semiconductive layers and has proportionally less of said 
first semiconductive material than said first semiconductive 
layer and proportionally less of said second semiconductive 
material than said second semiconductive layer. 

14. A photovoltaic or photoconducting device as claimed in 
claim 13, wherein a first substrate carries or comprises said 
first electrode and a second substrate carries or conqprises said 
second electrode. 

15. A photovoltaic or photoconducting device as claimed in 
claim 14, wherein said first and second substrates are self- 
supporting . 



16 . A device as claimed in claim 14 or 15 or a method as claimed 
in claim 10 or 11, wherein at least one of said first and second 
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sxibstrates is flexible. 

17 A device as claimed in any one of claims 14 to 16 or a 
method as claimed in any one of claims 10 or 11 or 16. wherein 
the first or/and second electrode itself forms the first or/and 
second s\ibst rates respectively. 

18. A device as claimed in claim 17 or a method as claimed in 
claim 17, wherein one of the substrates is a metal foil. 

19 A device as claimed in any one of claims 14 to 18 or a 
method as claimed in any one of claims 10, 11 and 16 to 18, 
wherein the first and/or second substrate is arranged for the 
transmission of light. 

20 A device as claimed in any one of claims 13 to 19 or a 
method as claimed in any one of claims 1 to 12 and 16 to 19 
wherein at least one of said first semiconductive material and 
said second semiconductive material comprise a mixture of 
component materials. 

21 A device as claimed in any one of claims 13 to 20 or a 
method as claimed in any one of claims i to 12 and 16 to 20 
wherein at least one of said first semiconductive material and 
said second semiconductive material comprise a single component 
material . 

22 A device as claimed in any one of claims 13 to 21 or a 
method as claimed in any one of claims 1 to 12 and 16 to 21, 
wherein said first and second semiconductive materials are 
respectively hole acceptors and electron acceptors. 

23 A device as claimed in any one of claims 13 to 22 or a 
method as claimed in any one of claims 1 to 12 and 16 to 22, 
wherein at least one of the first and second semiconductive 
materials comprises an organic semiconductor. 
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24. A device as claimed in any one of claims 13 to 23 or a 
method as claimed in any one of claims 1 to 12 and 16 to 23, 
wherein at least one of said first and said second semi conductive 
materials comprises a semiconductive polymer. 

25. A device as claimed in claim 24 or a method as claimed in 
claim 24, wherein at least one of said first and second 
semiconductive materials comprises a conjugated polymer. 

26. A device as claimed in claim 25 or a method as claimed in 
claim 25. wherein at least one of the organic conjugated polymers 
is chosen from the group comprising: 

poly(phenylene) and derivatives, poly (phenylene vinylene) 
and derivatives, poly (thiophene) and derivatives, 
poly (thienylenevinylene) and derivatives and 
poly(isothianaphthene) and derivatives. 

27. A device as claimed in claim 24 or a method as claimed in 
claim 24, wherein at least one of the polymers is a 
poly(squaraine) or a derivative thereof. 

28. A device as claimed in claim 24 or a method as claimed in 
claim 24, wherein at least one of the polymers is a polymer 
containing perylene units. 

29. A device as claimed in claim 23 or a method as claimed in 
claim 23, wherein at least one of the semiconductive materials 
comprises an organic pigment or dye. 

30. A device as claimed in claim 24 or a method as claimed in 
claim 24, wherein at least one of the semiconductive materials 
comprises an organometallic polymer. 

31. A device as claimed in any one of claims 13 to 22 or a 
method as claimed in any one of claims 1 to 12 and 16 to 22, 
wherein at least one of the semiconductive materials comprises 
material chosen from the group comprising phthalocyanines , 
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perylenes, naphthalocyanines . squaraines, merocyanines and their 
respective derivatives. 

32. A device as claimed in any one of claims 13 to 22 or a 
method as claimed in any one of claims 1 to 12 and 16 to 22, 
Wherein at least one of the semiconductive materials comprises 
an azo-dye consisting of azo chromofore (-N=N-) lin.xng aromatxc 
groups . 

33. A device as claimed in any one of claims " o^ ^ 
.ethod as claimed in any one of claims 1 to 12 -^J^ ^ 
wherein at least one of the semicondutive materials comprises 
poly(silane) . or poly{germanate) . 

34. A device as claimed in any one of claims ^^'^ '^J^'J 
.ethod as Claimed in any one of claims 1 to 12 ^ ; 
wherein the first or/and the second semiconductive material is 
doped with organic or inorganic dopants. 

35. A device as claimed in any one of claims " ^ 
method as claimed in any one of claims 1 to 12 and 16 to 22 
:herein the first semiconductive material co^^rises POPT and said 
second semiconductive material comprises MCP. 

36. A device as claimed in any one of claims " °^ " 
.ethod as Claimed in any one of claims 1 to 12 and 16 to 2^ 
wherein said first semiconductive material comprises P3HT and 
said second semiconductive material comprises MCP. 

37. A device as claimed in any one of claims ^ 
method as claimed in any one of claims 1 to 12 and 16 to 36^ 
wherein said mixed layer is an interpenetrating network of said 
first and second semiconductive materials. 

38. A device as claimed in any one of claims 13 to 37 or a 
method as claimed in any one of claims 1 to 12 and 16 to 7 
wherein said first semiconductive layer is more than 80. (by 
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weight) said first semiconductive material. 

39 A device as claimed in claim 38 when dependent upon claim 
21 or a method as claimed in claim 38 when dependent upon claim 
21, wherein said first semiconductive layer is a homolayer of 
said first semiconductive material. 

40 A device as claimed in claim 38 or a method as claimed in 
claim 38, wherein said first semiconductive layer also contains 
said second semiconductive material. 

41 A device as claimed in any one of claims 13 to 40 or a 
method as claimed in any one of claims i to 12 and 16 to 40, 
wherein said second semiconductive layer is more than 80% (by 
weight) said second semiconductive material. 

42 A device as claimed in claim 41 when dependent upon claim 
21 or a method as claimed in claim 41 when dependent upon claim 
21, wherein said second semiconductive layer is a homolayer of 
said second semiconductive material. 

43 A device as claimed in claim 41 or a method as claimed in 
claim 41. wherein said second semiconductive layer also contains 
said first semiconductive material. 

44 A device as claimed in any one of claims 13 to 43 or a 
method as claimed in any one of claims 1 to 12 and 16 to 43, 
wherein one or a plurality of layers is between said first 
electrode and said first semiconductive layer. 

45 A device as claimed in any one of claims 13 to 43 or a 
method as claimed in any one of claims 1 to 12 and 16 to 43, 
wherein said first electrode is in physical contact with said 
first semiconductive layer. 

46 A device as claimed in any one of claims 13 to 45 or a 
method as claimed in any one of claims 1 to 12 and 16 to 45. 
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=, niuralitv of layers is between said second 
wherein one or a plurality oj. xay^ 

electrode and said second semiconductive layer. 

47 A device as claimed in any one of claims 13 to 45 or a 
.ethod as claimed in any one of claims 1 to 12 and 16 to 45^ 
Wherein said second electrode is in physical contact with said 
second semiconductive layer. 

48. A device as claimed in any one of claims 13 to 47 or a 
method as claimed in any one o£ claims 1 to 12 and 16 to 47 
"erein said first electrode has a higher «or. function than said 

second electrode. 

„. A device as claimed in any one of claims 13 " " 
method as claimed in any one of claims 1 to 12 and 6 to 48, 
w^rein said first electrode comprises indium tin o..de and sa.d 
second electrode cooprises aluminium. 

50. A device as claimed in any on. of claims 13 t° " J" ' 
method as claimed in any one of claims 1 to 12 and 6 to 4^ 
wherein said first and second electrodes have substantially the 

same work function. 
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FIG. 5 

Substitute Sheet (Rule 26) 
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